The dynamic behaviour of thermally driven segregation of Cr to the surface of WCrY smart alloy is studied with low energy ion scattering (LEIS). Sputtering the WCrY sample with 500 eV D + 2 ions at room temperature results in preferential removal of the lighter alloy constituents and causes an almost pure W surface layer. At elevated temperatures above 700 K the segregation of Cr atoms towards the surface sets in and prevents the formation of a pure W layer. The simultaneous heating and sputtering of the sample leads to a surface state which reflects the balance between sputter removal and segregation flux, and deviates from the equilibrium due to thermally driven segregation. Stopping the sputter ion beam allows the system to relax and develop toward the segregation equilibrium. The time constants for the temporal changes of W and Cr surface coverage are obtained from a series of LEIS measurements. The segregation enthalpy is determined from the time * Corresponding author
Introduction
The investigation of candidate materials for the first wall of a future fusion power plant is an ongoing topic in nuclear fusion research. One of the most suitable materials is tungsten due to its high melting point and small sputter erosion under particle bombardment [1] [2] . However, the tungsten wall cladding in a fusion environment is exposed to a high neutron flux. Stable tungsten isotopes can undergo either transmutation forming e.g. rhenium and radioactive isotopes of tungsten. For example, the stable tungsten isotopes 182 W and 186 W have rather large cross sections for the (n,2n) reaction [3] and abundances of the resultant isotopes will increase with operational time of the power plant. In case of a loss-of-coolant accident accompanied by air or water ingress the temperature of the first wall can rise up to 900 • C to 1200 • C [4] . Under these conditions, tungsten and its main transmutation products rhenium and osmium form oxides which are volatile above 700 • C, and are released into the vacuum vessel.
A possible route to prevent the release of radioactive material is the application of self-passivating tungsten alloys [5] . The self-passivating alloy contains chromium (and other constituents). Under accidental conditions the chromium forms a stable oxide layer on the surface which prevents the further oxidation and release of tungsten, whereas preferential sputtering of the lighter alloy constituents by bombarding plasma particles causes the enrichment of tungsten on the surface which results in little erosion under normal operation.
A self-passivating WCrY alloy has been recently developed and the oxidation resistance has been verified in laboratory experiments [6] . Furthermore, the development of a tungsten rich surface has been confirmed by plasma exposure in the linear plasma device PSI-2 and subsequent secondary ion mass spectrometry analysis of the surface composition [7] .
A recent investigation of WCrY alloy with LEIS has been focused on the thermal stability and the preferential sputtering [8] . The experiment confirmed that ion beam bombardment with 250 eV deuterons at room temperature produces an almost pure tungsten surface due to preferential sputtering. However, when the sample temperature is increased above 700 K the segregation of chromium towards the surface sets in, and at a temperature of 1000 K no tungsten is found in the topmost surface layer.
In this work we will continue the previous study and investigate the dynamic behaviour of the temperature driven segregation. For that purpose, sputter erosion and sample heating are applied simultaneously in order to produce a non-equilibrium state of the sample surface. It neither shows the full tungsten enrichment due to preferential sputtering, nor does the surface show the segregation equilibrium depending on the sample temperature.
Stopping the ion bombardment allows the surface to relax under action of the segregating particle flux. A continuous LEIS measurement of the individual alloy constituents yields time-resolved surface concentrations.
Experiment
The LEIS apparatus has been described in detail in [9] . Singly charged ions (typically He + or Ne + ) are produced in a Bayard-Alpert type ion source, extracted with a weak electric field, and accelerated to an energy of typically A WCrY ingot is produced by a field-assisted sintering technology [6] .
The alloy has a composition of 88.0 wt% W, 11.4 wt% Cr, and 0.6 wt% Y.
The corresponding atomic fractions are 67.9 at% W, 31.1 at% Cr, and 1.0 at% Y. The WCrY sample for the LEIS measurements is cut by wire erosion and polished to a mirror finish. More details on the sample preparation can be found in [8] .
Prior to the LEIS measurements the sample surface is cleaned by sputtering with 500 eV Kr + ions with an integrated charge of several mC on an area of about 0.25 cm 2 . which arises due to the re-ionisation of neutralised He atoms which scatter at a W atom. This background is well described by a modified semi-empirical formula given originally by Nelson [10] .
shows the used formula for fitting the re-ionisation background.
Here, E 0 is the energy of the W peak, w is the full width of half maximum, and B and K are free parameters. In order to obtain a better match between measurement and fit, the slope of the inverse tangent function at the peak position is made variable by another fitting parameter S. Furthermore, the argument of the exp function is kept constant above the peak energy to facilitate the decay of the background towards energies above the peak centre. The peaks originating from scattering at the various surface atom types are fitted with Gaussian profiles. The sum (full line) of the four peaks (dashed lines) and the re-ionisation background (dotted line) results in a good approximation of the measured spectrum.
The relative surface concentration of a species i in the first atomic layer is calculated as
where the sum is taken over all species j detected on the surface. The quantities A i,j denote the areas of the fitted peaks of the respective species.
The preferential sputter erosion of the surface is realised with 500 eV D + [ Figure 2 about here.] Figure 2 shows LEIS spectra measured within a few minutes directly after stopping the preferential sputtering cycle at two different temperatures.
In both cases the preceding sputtering cycles are done with a D flux of 1 × 10 18 m −2 s −1 and sufficient fluences in order to achieve an almost complete removal of the lighter alloy constituents if the sample would have been exposed at room temperature [8] . For the rest of this paper we neglect the apparent segregation of Y which occurs always in parallel to the Cr segregation. Y is contained in the WCrY alloy mainly in the form of yttria nanoparticles which are located at the grain boundaries of larger W-Cr grains and do not form part of the solid solute [12] . Although Y seemingly behaves similar to Cr, the underlying mechanism is likely different.
Results and Discussion
[ Figure 3 about here.]
In the following the temporal evolution of the Cr surface coverage due to thermally activated segregation will be investigated. 
fitted to the data, respecting the asymptotic boundary condition that in the fully segregated state the W concentration in the topmost surface layer is below the detection limit [8] . The agreement between measured surface concentrations and the fitted curve is reasonably well taking into account the somewhat noisy data due to the short integration time. Figure 4 shows at the bottom the same plot for the relative Cr surface concentration. The Cr concentration increases over time and shows saturation at a value less than 1 due to the concurrent (apparent) segregation of Y and the small O peak which is always present in the measured spectra. Again, the line shows a fit to the data which is substantiated by the assumption that the probability of a Cr atom to occupy a surface position is proportional to the difference between the maximum (asymptotic) surface fraction c max and the actual surface concentration c Cr
motivated by to the ansatz made in [13] . The solution of the differential A repetition of the same experiment at a sample temperature of 800 K yields a much larger time constant of 7074 s for the Cr segregation. Table 1 summarises the obtained time constants τ .
[ Table 1 about here.]
The solution (equation 5) for the temporal evolution of the surface concentration of the segregating species, Cr, can be rewritten as isotherm in a previous publication [8] .
It has to be noted that an analytical theory describing the kinetics of surface segregation has been developed in [14] . However, no satisfactory agreement with the measurement could be obtained by using equation (3) in this reference. The main deviation is the rather slow temporal development seen in the present measurements which could not be reproduced with the analytical formula given in [14] . The reason for this discrepancy is not clear.
One possible explanation could be that the work in [14] describes an alloy where the constituents are in thermodynamic equilibrium at room temperature, which is heated up to observe segregation. In the experiment described here preferential sputtering at elevated temperature is applied to generate a state which is not in equilibrium and the temporal relaxation into the segregated equilibrium state is documented by the presented measurements.
Furthermore, the preferential sputtering may lead to a depleted zone below the surface as seen in plasma exposure experiments [7] which could slow down the Cr segregation because the reservoir for atoms which segregate towards the surface has to be refilled by diffusion from the bulk.
Summary and Conclusion
Simultaneous heating and preferential sputtering by D bombardment of 
